Nonˇbrillar soluble oligomers, which are likely to be transient intermediates in the transitions from monomers to amyloidˇbrils, may be the toxic species in Alzheimer's disease. For this reason it is very important to understand early events that direct assembly of amyloidogenic peptides. Using all-atom simulations with the GROMOS96 forceˇeld 43a1 in explicit water we have recently shown that the oligomerization of Aβ16−22 peptides obeys the dock-lock mechanism. We have also proposed a toy lattice model which allows us to ascertain this conclusion using a much larger number of monomers. In this contribution we review our all-atom as well as lattice simulation results on the dock-lock mechanism of short peptides which is probably a generic mechanism forˇbril elongation of proteins and long peptides.
INTRODUCTION
Protein folding and function take place in the environment crowded with biological macromolecules. As a result, proteins are exposed to intermolecular interactions that may lead to aggregation [1] . In many cases protein aggregates take the form of amyloidˇbrils, which appear as unbranched rod-like nanostructures with the diameter of an order of 10 nm and varying length [2] . There is intense interest in determining the structures, kinetics, and growth mechanisms of amyloidˇbrils because a large body of evidence suggests that amyloiď brils and associated oligomeric intermediates are related to a number of diseases, including Alzheimer's, Parkinson's, Huntington's, and prion diseases [3Ä6] . For example, in the case of the Alzheimer's disease the memory decline may result from the accumulation of the amyloid β-protein (Aβ) present in two forms: Aβ 1−40 and Aβ 1−42 .
Although details of the molecular structures of amyloidˇbrils are becoming available [2, 7] it is also important to understand the mechanisms of their formation starting from monomers. The kinetics of addition of soluble Aβ and Sup35 amyloid monomers to the preformedˇbril structures has been investigated experimentally [8Ä10] . These important studies showed that the association of monomers to the amyloidˇbril occurs by a two-stage dock-lock mechanism. Furthermore, it is unlikely that the preformedˇbrils themselves undergo substantial conformational changes as the templated-assembly may take place [8Ä10] .
Previous all-atom and coarse-grained simulations have been focused on various aspects ofˇbril formation of short peptides such as the stability of oligomers [11, 12] , the nature of intermediates [13, 14] and the role of mutation [13, 15] . However, the kinetics of adding monomers to the preformed template assembly has not been studied theoretically so far. Recently, we have made theˇrst attempt in this direction [16] . In order to mimic the experiments [8Ä10] we investigated the oligomerization process of
using the GROMOS96 forceˇeld 43a1 [17] to perform extensive all-atom molecular dynamics simulations in explicit water. One of the main aims of the present paper is to review our results on kinetics of reaction (1) . The main conclusion from our simulations is that, in agreement with the experiments [8Ä10], the adding of monomer to the preformed template follows the dock-lock mechanism, but the preformed subsystem uctuates a lot. For illustration we present the results, obtained for the case with n = 4, which have not been described in detail in the previous work [16] .
Since the all-atom simulations are restricted to a few peptides, we have developed a toy lattice model [18] which allows us for studying theˇbril-like growth kinetics of large assemblies of monomers. In this model, a peptide consists of eight amino acids, each of which is represented by a single bead on the simple cubic lattice. The dynamics of the lattice model is deˇned by the standard Monte Carlo move set. We have shown that the simple lattice model can capture not only the dock-lock mechanism, but also other experimental observations including the activation dynamics ofˇbril growth at low temperatures [9] and the linear dependence ofˇbril formation time on the number of peptides [19] .
ALL-ATOM SIMULATIONS
Our basic idea is illustrated in Fig. 1, a . Weˇrst obtain the antiparallel conˇguration by long enough simulations starting from random conˇgurations of the trimer (the typical time of antiparallel arrangement of the Aβ 16−22 trimer is ≈ 250 ns [16] ). Then, one peptide is randomly added to the preformed three monomers and monitor the dynamics of assembly of the whole system. We have performed four trajectories of 224, 240, 400 and 600 ns. The volume of the simulation box is 117 nm 3 , which corresponds to the peptide concentration of 57 mM.
We used the dihedral principal component analysis (PCA) to represent the conformational distribution of the 3N -dimensional system [20] . It uniquely deˇnes the distance in the space of periodic dihedral angles using the variables [20] 
with N being the number of backbone and sidechain dihedral angles. The correlated internal motions are probed using the covariance matrix
The free energy surface along the n-dimensional reaction coordinate
, where P (V ) is the probability distribution obtained from a histogram of the MD data, P max is the maximum of the distribution, which is subtracted to ensure that ΔG = 0 for the lowest free energy minimum. We use dPCA to compute the free energy landscapes (FEL) using theˇrst two eigenvectors V 1 and V 2 . Fig. 1 . a) The initial conformation for study of reaction (1) with n = 4. The preformed ordered three peptides have been obtained from our simulations for the trimer [16] . The conformation of monomeric Aβ16−22 was extracted from the structure of Aβ10−35 peptide available in the Protein Data Bank (ID: 1hz3). It is randomly added to the preformed subsystem; b) the FEL as a function of V1 and V2. The typical conformations of four basins are shown In order to characterize theˇbril state of short peptides one uses the nematic order parameter P 2 [21] . In terms of the unit vector u i linking N -and C-termini for the ith peptide, the order parameter P 2 is
where d (the director) is a unit vector deˇning the preferred direction of alignment of the oligomer; N is the number of molecules; r i NC is the end-to-end vector that connects two C α atoms from the termini of the ith peptide. The end-to-end distance in the fully stretched state
where N i is a number of amino acids in the ith monomer, and a is the distance between two C α atoms. It follows from Eq. (2) that P 0 2 = 1, if all peptides are precisely parallel or antiparallel, even if they are not fully extended. In order to characterize theˇbril conformations adequately, we deˇne P 2 as a product of P 0 2 and the factor which is equal 1, if all peptides are stretched, and less than 1 otherwise. If P 2 > 0.5, the system has the propensity to be in an ordered state. Figure 1 , b shows the two-dimensional FEL as a function of V 1 and V 2 . The population of four dominant minima is 49, 8, 7 and 4% of sampled conformations, respectively. The low-populated basin 4 corresponds to the most structured conformations ( P 2 ≈ 0.76). Thus, the antiparallelˇbril-like structures are energetically favorable, but they are marginally stable. This is also consistent with low free energy barriers (≈ 1 kJ/mol) separating different basins (Fig. 1, b) . By constructing the contact maps one can show that the antiparallel arrangement of peptides occurs due to interpeptide side chain-side chain interaction and formation of the salt bridge between oppositely charged amino acids at the termini [16] . The hydrogen bonds play the minor role.
We used P 2 as a global order parameter to monitor the overall time-dependent uctuations in the preformed and growing oligomer. Interestingly, both P 2 of the entire system (Fig. 2, a) and of the preformed monomers (Fig. 2, b) uctuate a lot. Although the initial value of P 2 for the preformed trimer is about 0.8, weˇnd that during the growth process it becomes as low as 0.25 (Fig. 2, b) . For the typical trajectory shown in Fig. 2 , on times between ≈ 50 and 125 ns the tetramer is ordered around P 2 ≈ 0.8, but the orientational ordering is lost for about 25 ns (Fig. 2, a) . The ordering is regained again at larger time scales. Thus, for the tetramer the orderÄdisorder transition is reversible. Furthermore, the preformed subsystem uctuates drastically to accommodate the nascent monomer. The similar behaviour has been also observed for the pentamer and hexamer [16] . We have quantiˇed the dependence in the order parameter uctuations on the oligomer size using ΔP 2 = P 2 2 − P 2 2 , where . . . refers to the time average over all trajectories. Weˇnd that ΔP 2 is the largest for the trimer and generally decreases as the oligomer size increases. Since P 2 (t) of the hexamer still uctuates markedly, we suggest that the size of the critical nucleus of Aβ 16−22 peptides exceeds six (the critical nucleus is deˇned as a minimal oligomer, which can serve as a weakly uctuating template for addition of new monomers). In order to show that the added peptide joins the preformed monomers by the dock-lock mechanism, we monitor the time dependence of the β content, β(t) (in the presence of interpeptide interaction the content of helix and random coil is less than 20%). The secondary structure contents were computed using the deˇnitions given in Ref. [13] .
Initially, β(t) of the added peptide is ≈ 0.3 (results not shown) and for the time shorter than 0.5 ns it reaches the value of about 0.8 (Fig. 3, a) . For t 40 tetramer there is a clear difference between the β contents of the preformed peptides and the nascent monomer. We attribute this period to the dock phase of oligomerization. This phase is followed by the lock stage, in which the added peptide joins the uctuating template to form the antiparallel arrangement. Given the small number of peptides, the transition between two phases can be considered as reasonably sharp. In order to illustrate the dynamics of approach of the β-strand content of the added monomer to the value expected in the tetramer (roughly that of the structured trimer), we have computedβ(t) = 1
ds, which is the running time average of the strand content averaged over N T trajectories. If the added monomer is fully incorporated into the preformed oligomer,β(t), at long times, would approach the equilibrium value. From the dynamics ofβ(t) (Fig. 3, b) weˇnd that for t < 75 ns (the docking stage) the strand content decreases from the value of 0.8, which has been reached during time < 0.5 ns, to about β ≈ 0.75 and then grows up to 0.8. Thus, most of the fast conformational changes in the monomer occur in the initial phase. For t > 75 ns, which corresponds to the lock phase, the strand content of the monomer increases albeit slowly. Indeed, if one applies the criterion that the ordered phase is formed if P 2 0.9, our results, obtained for four trajectories, show that the addition of a monomer to a trimer with wellformed initial β sheet is not complete even at t ≈ 170 ns. Thus, the time scale for the lock stage is considerably longer than for the dock phase. The large separation in the rates of the dock and lock phases is consistent with experimentalˇndings that have probed the kinetics of addition of a monomer to the ends of aˇbril [8, 9] . It appears that in the growth of thě brils and prenucleus oligomers the rate limiting step is the locking phase. 
TOY LATTICE MODEL
Our toy lattice model [18] consists of identical peptides of N = 8 residues each (Fig. 4) . The sequence of a peptide is +HHPPHH−, where + and − denote charged residues, H and P represent hydrophobic and polar amino acids. The hydrophobic effect was taken into account by setting the contact energies between H residues e HH to −1 (in the units of the hydrogen bond energy H ). The propensity of polar (including charged) residues for solvation is achieved by setting the contact energy e Pα to −0.2, where α = P , +, or −. Salt bridge formation between oppositely charged residues is given by the contact energy e +− = −1.4. All other contact interactions are assumed to be repulsive. The generic value of e αβ is 0.2, although for the residue pairs with the same charges the repulsion is stronger (0.7). Peptides were conˇned to the vertices of the three-dimensional lattice model with periodic boundary conditions. Fig. 4. a) Structure of the monomeric ground state. The charged residues are denoted by dark grey (+) and black (−). H and P residues are colored in medium grey and light grey, respectively; b) the ordered state for six monomers; c) the same as in b, but for 12 monomers
The interactions include excluded volume and contact (nearest neighbor) interactions. Excluded volume is imposed by the condition that an inˇnite energy is assigned to any conformation, in which a lattice site is occupied more than once. The energy of a unit cell is
where r ij is the distance between residues i and j; a is a lattice spacing; s(i) indicates the type of residue i, and δ(0) = 1 and zero, otherwise. Theˇrst and second terms in Eq. (3) represent intrapeptide and interpeptide interactions, respectively. Since a monomer has only 8 residues, one can do exact enumeration of all possible conformations. The monomeric native conformation, shown in Fig. 4 , a, is not degenerated and its energy E N = −3.8. The single peptide has the folding temperature T F = 0.5, which is a bit higher than the temperature of collapse T θ = 0.46 associated with the maximum in energy uctuations.
We use Monte Carlo (MC) algorithm to study the kinetics of amyloid formation. Typically, a local move is accomplished using standard MC move set, which consists of tail rotation, corner ip, and crankshaft rotation. Using MC simulated annealing simulations we determined the conformation of multipeptide oligomer with the lowest energy (Fig. 4, b, c) . In theˇbril state the conformation of monomers is more extended compared to the monomeric native one (Fig. 4, a) . By exact enumeration, one can show that this extended conformation corresponds to theˇrst excited state of a single monomer (E ex = −3.4 > E N ). Thus, our simple model captures the fact that proteins do not fold to the compact native states (misfold) if they aggregate. It is worth to note that the fully orderedˇbril conformations have single- (Fig. 4, b) and double-layer structures (Fig. 4, c) for M 10 and M > 10, respectively. However, the speciˇc feature of the ordered conformations has been shown [18] to be irrelevant to the mechanism ofˇbril formation.
In order to demonstrate two-stage dock-lock mechanism of oligomerization we consider the system of M = 20 peptides. The cubic cell is chosen as a cube with the side of 13 lattice sites. Therefore, the volume fraction occupied by the peptides is 0.073 and corresponds to the concentration of 230 mM. This concentration about three and one order of magnitude higher than typical experimental and all-atom simulation value, respectively. We have shown that changing the peptide concentration affects theˇbril formation time, but not the mechanism itself. For M = 20 the simulation has been carried out at the temperature of fastestˇbril assembly T s = 0.7 using multiple MC trajectories. In all, 100 MC trajectories starting with random initial conditions were obtained. The length of MC trajectories (10 8 MCS) at T s was sufˇciently long to observeˇbril assembly events in each trajectory. Consequently, MC trajectories were used to obtain both kinetic characteristics ofˇbril formation.
The kinetics ofˇbril assembly may be probed using the probability of being in theˇbril state, f (t), which is deˇned as the fraction of theˇbril contacts. As seen from Fig. 5 , the three-exponentialˇt (
is the best one (dashed line). Here, we have three different time scales τ 1 ≈ 0.01τ fib , τ 2 ≈ 0.09τ fib and τ 3 ≈ 0.5τ fib , where theˇbril formation time τ fib ≈ 2 · 10 7 MCS. The partition of these phases is f 1 ≈ 0.18, f 2 ≈ 0.47 and f 3 ≈ 0.11. τ 1 is a characteristic time scale for formation of the ®burst phase¯. At this time scale only ≈ 0.6% of interpeptideˇbril contacts are formed and the largest oligomer contains, on average, only nine peptides (results not shown). At time scales τ 2 about half ofˇbril contacts are formed (Fig. 5) . τ 3 has the same order of magnitude as theˇbril formation time. is the number ofˇbril contacts in the ordered state. The results are averaged over 100 trajectories. The dotted and dashed curves refer to the bi-exponential and three-exponentialˇts, respectively
Using the bi-exponentialˇt (blue line), we obtain τ 1 ≈ 0.06τ fib (f 1 = 0.54) and τ 2 ≈ 0.45τ fib (f 2 = 0.16). Similar to the three-exponential case, thisˇt captures the overall behaviour of f (t), except the fast ®burst phase¯at very short time scales. Thus, our results are in qualitative agreement with the experiments of Esler et al. [9] , where the bi-exponential kinetics has been used to describe the template-dependent dock-lock mechanism of Aβˇbril assembly. We identify τ 1 and τ 2 , obtained from bi-exponentialˇt, as characteristic time scales for the dock and lock phases, respectively. Therefore, in agreement with the experiments and the all-atom simulations described above, the lock stage is much slower than the dock one.
CONCLUSIONS
Our all-atom simulations in explicit water revealed that the oligomerization of Aβ 16−22 peptides occurs in two steps. In the short dock step monomers undergo large conformational changes. The slow orientational ordering is accomplished in the lock phase. The transition between two phases may be probed by the time dependence of the beta content.
The dock-lock mechanism is also supported by the toy lattice model. As seen from Fig. 5 , the lag phase, observed in many experiments, does not appear in our model. Presumably, this is related to the fact that the nucleation process is too fast in our model. However, we have shown [18] that this model can capture the activation dynamics of theˇbril assembly of different peptides, but the typical activation energy is about two orders of magnitude lower than the experimental one [22, 23] . It is found that τ fib ∼ M [18] and this scaling behavior supports the LifshitzÄSlezov nucleation growth picture.
